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MAGNETIC RESONANCE IMAGING
APPARATUS AND MAGNETIC RESONANCE
IMAGING METHOD

This application claims priority to Japanese Application
No. 2009-216890, filed 18 Sep. 2009, the entire content of
which 1s hereby incorporated by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to MRI (magnetic resonance
imaging) which magnetically excites nuclear spin of an
object with an RF (radio frequency) signal having the
Larmor frequency and reconstructs an image based on NMR
(nuclear magnetic resonance) signals generated due to the
excitation.

More particularly, the present invention relates to a mag-
netic resonance imaging apparatus and a magnetic resonance
imaging method which can perform MRA (Magnetic Reso-
nance Angiography) for acquiring a blood flow 1image with-
out using a conftrast medium.

2. Description of the Related Art

Magnetic Resonance Imaging 1s an 1maging method
which magnetically excites nuclear spin of an object set in
a static magnetic field with an RF signal having the Larmor
frequency and reconstructs an 1image based on NMR signals
generated due to the excitation.

In the field of the magnetic resonance 1maging, MRA 1s
known as a method of obtaining an 1image of a blood tlow.
An MRA without adminmistration of contrast materials 1s
referred to as a non-contrast MRA (for example, refer to
Japanese Publication of Patent Application No. 2001-
252263). As the non-contrast MRA, an FBI (iresh blood
imaging) method has been devised. In the FBI method, an
ECG (electrocardiogram) synchronization to capture a fast
blood flow pumped by a heart i1s performed, and thereby a
blood vessel 1s satistactorily depicted.

Meanwhile, MR (Magnetic Resonance) perfusion and
delayed enhancement are conventionally used for examining
an 1schemic part and an infarcted part in the heart. In the
conventional cardiac study, cardiac perfusion and delayed
enhanced MR 1maging are performed under a contrast-
enhanced (CE) MRA method 1n which a patient 1s given a
contrast medium after undergoing medicational stress or
exercise stress for the perfusion study.

FIG. 1 shows a cross-section of myocardium for explain-
ing the conventional cardiac study method that uses CE
MRA. When dynamic imaging 1s performed by administer-
ing a gadolinmum-based contrast medium to a patient, the
level of the signal from “tissue A” becomes high. This 1s
because blood flows 1nto “tissue A” which 1s supplied with
blood by normal blood vessels inside the myocardium as
shown 1n FIG. 1. However, 1n a state 1n which blood vessels
are dilated under medicational stress or exercise stress, a
region of low signal level appears as “ischemic part B”,
because blood flow volume decreases relatively due to
stenosed blood vessels. Therefore, the region of the low
signal level can be diagnosed as “i1schemia as indicated as
B”. In this way, 1schemia test 1s also called stress perfusion
and 1t can detect an 1schemic part as a defect of vascular
circulation by administering a contrast medium to a patient
under medicational stress or exercise stress.

Additionally, a late delayed enhanced (LDE) technique 1s
known as a method for the diagnosis of infarction. The LDE
1s a diagnosis method which allows a contrast medium to
flow 1nto the myocardium tissue, and thereby diagnoses the
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part without a function to wash out the contrast medium as
the infarction. For example, in “infarction part C” where

blood vessels are occluded as shown 1n FIG. 1, the contrast
medium remains within the part C, because the tissue
doesn’t have the function to wash out the contrast medium.
Thus, LDE occurs due to the residual contrast medium, and
it enables the detection of “infarction part C” as a region of
high signal level as compared to the normal “tissue A where
the contrast medium 1s washed out.

A cardiac examination 1s also performed in other diag-
nostic 1imaging units and 1ts results are displayed 1n various
display methods. For example, technology to dlsplay a
myocardlum layer of different cross-sections by using car-
diac CT mmage data acquired with X-ray CT (computed
tomography) apparatus 1s known. Also, technology to dis-
play a cross-sectional image of myocardium 1n a bulls-eye
method by using cardiac 3-dimensional image data acquired
using ultrasonograph (US) 1s known (for example, refer to
the Japanese Publication of Patent Application No. 2006-
198411 and No. 20035-531352).

However, 1n the conventional cardiac examination using,
an MRI apparatus, 1schemic and infarct parts are diagnosed
by performing dynamic imaging after injection of gado-
lintum-based contrast materials under influence of medica-
tional stress or exercise. Therefore, 1maging timing 1s
restricted to the period where contrast medium 1s washed-
out 1n the normal tissue and still in the infarction area after
administering a contrast medium, otherwise suflicient con-
trast can not be obtained. Thus, 1t has a limit 1n terms of
temporal resolution as a problem. Additionally, spatial reso-
lution also degrades due to the restriction of time resolution.
Under the aforementioned technical background, there 1s a
problem that image quality varies and diagnosis varies
among readers.

Moreover, the relationship between the gadolintum-based
contrast medium and Nephrogenic Systemic Fibrosis (NSF)
1s concerned due to a black-box warning from FDA (Food
and Drug Administration). Furthermore, 1n stress perfusion
test, risk of medication such as adenosine and dipyridamole
1s also a huge concern. The alforementioned problems apply
to a case 1n which CE MRA 1maging 1s acquired for various
Imaging regions.

SUMMARY

The present exemplary embodiments to provide MRI
technology which can safely acquire “MRA 1imaging of a
region including a heart” and “blood flow information based
on the MRA 1mage” with satisfactory time resolution and
spatial resolution.

The content of the present exemplary embodiments waill
be described per each aspect as follows;

(1) According to one of the aspects of a magnetic reso-
nance 1maging apparatus of the present exemplary embodi-
ments, the magnetic resonance 1maging apparatus Comprises
an 1maging data acquiring unit, a blood flow 1mage gener-
ating unit, and a cardiac function analysis unit.

The 1maging data acquiring unit acquires a plurality of
3-dimensional 1imaging data sets corresponding to mutually
different traveling times of inflowing blood flowing 1nto an
imaging region including myocardium in synchronization
with a heartbeat without using a contrast medium, by
applying a spatially selective excitation pulse plural times
for distinguishably displaying the mtflowing blood and by
changing the time from application of the spatially selective
excitation pulse to the acquisition times of the plurality of
imaging data.
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The blood flow 1mage generating unit generates a plural-
ity ol blood flow 1mages corresponding to the mutually
different traveling times of the intlowing blood based on the
plurality of 1maging data sets.

The cardiac function analysis unit acquires blood flow
information indicating cardiac function of the myocardium
based on the plurality of blood flow 1mages.

(2) According to another aspect of a magnetic resonance
imaging apparatus ol the present exemplary embodiments,
the magnetic resonance imaging apparatus comprises an
imaging data acquiring unit and a blood flow information
generating unit.

The 1maging data acquiring unit at least one set of
imaging data from an imaging region including the myo-
cardium without using a contrast medium, by applying a
spatially selective excitation pulse to a region including at
least a part of an ascending aorta for distinguishably dis-
playing mflowing blood flowing into the imaging region.

The blood flow information generating unit generates at
least one blood tlow 1mage based on the acquired 1imaging
data.

(3) A magnetic resonance 1maging method of the present
exemplary embodiments comprises the steps of: (a) acquir-
ing 1maging data from an imaging region including the
myocardium without using a contrast medium, by applying
a spatially selective excitation pulse to a region including at
least a part of an ascending aorta (cardiac aorta) for distin-
guishably displaying inflowing blood flowing into the 1imag-
ing region; and (b) generating blood flow 1mages based on
the 1maging data.

According to the magnetic resonance 1maging apparatus
or the magnetic resonance imaging method configured as
described above, MRA i1mage data of an imaging region
including heart and blood flow information based on the
MRA 1mages can be acquired safely with satisfactory time
resolution and spatial resolution.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIG. 1 1s a cross-sectional diagram of myocardium for
explaining the cardiac testing method using contrast-en-
hanced (CE) MRA of the conventional art;

FIG. 2 15 a block diagram showing a magnetic resonance
imaging apparatus according to an embodiment of the
present mvention;

FIG. 3 1s a functional block diagram of the computer 32
shown 1n FIG. 2;

FIG. 4 1s a timing chart showing an example of a
time-spatial labeling pulse (time-SLIP) sequence set 1n the
imaging condition setting unit 40 shown 1n FIG. 3;

FIG. 5 1s a timing chart showing another example of a
time-SLIP sequence set 1n the imaging condition setting unit
40 shown 1n FIG. 3;

FIG. 6 1s a diagram showing the first example of a labeling,
region (labeled region) set in the 1maging condition setting
unit shown 1n FIG. 3;

FIG. 7 1s a diagram showing the second example of a
labeling region (labeled region) set 1n the 1imaging condition
setting unit 40 shown i FIG. 3;

FIG. 8 1s a diagram showing the third example of a
labeling region (labeled region) set 1n the 1imaging condition
setting unit 40 shown i FIG. 3;

FIG. 9 1s a diagram showing the fourth example of a
labeling region (labeled region) set 1n the 1imaging condition
setting unit 40 shown i FIG. 3;
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FIG. 10 1s a diagram showing the fifth example of a
labeling region (labeled region) set 1n the imaging condition
setting unit 40 shown in FIG. 3;

FIG. 11 1s a diagram showing the sixth example of a
labeling region (labeled region) set 1in the 1maging condition
setting unit 40 shown i FIG. 3;

FIG. 12 15 a diagram showing the seventh example of a
labeling region (labeled region) set 1in the 1maging condition
setting unit 40 shown i FIG. 3;

FIG. 13 (FIGS. 13A-13E) illustrates diagrams for explain-
ing the method of determining T1 and BB'TT set as imaging

conditions 1n the 1maging condition setting unit 40 shown 1n
FIG. 3;
FIG. 14 (FIGS. 14A-14B) illustrates diagrams for

explaining the process of generating blood tflow 1mage data
executed 1n the blood flow 1mage generating unit by elimi-
nating signal component except blood from 1mage data;

FIG. 15 (FIGS. 15A-15B) illustrates diagrams showing an

example of a profile of blood flow 1mage data generated by
the blood tlow mnformation generating unit 45 shown in FIG.
3;

FIG. 16 (FIGS. 16 A-16D) illustrates diagrams showing an
example of a set of profiles of blood flow i1mage data
corresponding to a plurality of different BBTIs generated by
the blood tlow mnformation generating unit 45 shown in FIG.
3;

FIG. 17 1s a diagram showing an example of distinguish-
ably displayed lesion areas of myocardium identified by the
blood tflow information generating unit 45 shown in FIG. 3
based on signal differences between blood flow 1image data
corresponding to different black blood inversion times
(BBTIs);

FIG. 18 1s a diagram showing a signal difference 1n the
line ROI-A crossing the ischemic area shown i FIG. 17;

FIG. 19 15 a diagram showing signal difference in the line
ROI-B crossing the infarction area shown in FIG. 17;

FIG. 20 1s an example showing how the blood flow
information generating unit 45 shown 1 FIG. 3 enables
users to select display of each signal difference value
between blood flow 1mage data corresponding to different
BBTIs 1n a plurality of line ROIs on a cross-section of
myocardium;

FIG. 21 1s a diagram showing reference positions for the
blood tflow information generating unit 45 shown in FIG. 3
to perform positional correction between blood tlow 1mage
data; and

FIG. 22 1s a flowchart showing a procedure for acquiring,
blood flow information on cross-sections of myocardium of
an object P and displaying their images by performing a
non-contrast MRA imaging with the magnetic resonance
imaging apparatus 20 shown in FIG. 2.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

A magnetic resonance 1imaging apparatus and a magnetic
resonance 1imaging method according to embodiments of the
present mvention will be described with reference to the
accompanying drawings.

(Configuration and Function)

FIG. 2 1s a block diagram showing a magnetic resonance
imaging apparatus according to an embodiment of the
present 1nvention.

A magnetic resonance 1maging apparatus 20 includes a
cylinder-shaped static magnetic field magnet 21 for gener-
ating a static magnetic field, a cylinder-shaped shim coil 22
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arranged 1nside the static magnetic field magnet 21, a
gradient coil 23 and RF coils 24.

The magnetic resonance imaging apparatus 20 also
includes a control system 25. The control system 25 includes
a static magnetic field power supply 26, a gradient magnetic
ficld power supply 27, a shim coil power supply 28, a
transmitter 29, a receiver 30, a sequence controller 31 and a
computer 32. The gradient magnetic field power supply 27
of the control system 25 includes an X-axis gradient mag-
netic field power supply 27x, a Y-axis gradient magnetic
field power supply 27y and a Z-axis gradient magnetic field
power supply 27z. The computer 32 includes an input device
33, a display device 34, an operation device 35 and a storage
device 36.

The static magnetic field magnet 21 1s electrically con-
nected to the static magnetic field power supply 26 and has
a Tunction to generate a static magnetic field 1n an 1maging
region by using electric current supplied from the static
magnetic field power supply 26. The static magnetic field
magnet 21 includes a superconductivity coil in many cases.
The static magnetic field magnet 21 gets electric current
from the static magnetic field power supply 26 which is
clectrically connected to the static magnetic field magnet 21
at excitation. However, once excitation has been made, the
static magnetic field magnet 21 1s usually 1solated from the
static magnetic field power supply 26. The static magnetic
field magnet 21 may include a permanent magnet which
makes the static magnetic field power supply 26 unneces-
sary.

The cylinder-shaped shim coil 22 1s coaxially arranged
inside the static magnetic field magnet 21. The shim coil 22
1s electrically connected to the shim coil power supply 28.
The shim coil power supply 28 supplies electric current to
the shim coil 22 so that the static magnetic field becomes
uniform.

The gradient coil 23 includes an X-axis gradient coil 23x,
a Y-axis gradient coil 23y and a Z-axis gradient coil 23z.
Each of the X-axis gradient coil 23x, the Y-axis gradient coil
23y and the Z-axis gradient coil 23z 1s cylinder-shaped and
arranged 1nside the static magnetic field magnet 21. A bed 37
1s arranged 1nside the gradient coil 23 and the area inside the
gradient coi1l 23 1s an 1imaging area. The bed 37 supports an
object (e.g. a patient) P. The RF coils 24 include a WBC
(whole body coil) built 1n the gantry for transmission and
reception of RF signals and local coils arranged around the
bed 37 or the object P for reception of RF signals.

The gradient coil 23 1s electrically connected to the
gradient magnetic field power supply 27. The X-axis gra-
dient coil 23x, the Y-axis gradient coil 23y and the Z-axis
gradient coil 23z of the gradient coil 23 are electrically
connected to the X-axis gradient magnetic field power
supply 27x, the Y-axis gradient magnetic field power supply
27y and the Z-axis gradient magnetic field power supply 27z
of the gradient magnetic field power supply 27 respectively.

The X-axis gradient magnetic field power supply 27x, the
Y-axis gradient magnetic field power supply 27y and the
Z-axis gradient magnetic field power supply 27z supply
clectric currents to the X-axis gradient coil 23x, the Y-axis
gradient coil 23y and the Z-axis gradient coil 23z respec-
tively so as to generate gradient magnetic field Gx in the
X-axis direction, gradient magnetic field Gy in the Y-axis
direction and gradient magnetic field Gz in the Z-axis
direction 1n the 1maging area.

The RF coils 24 are electrically connected to the trans-
mitter 29 and/or the receiver 30. The transmission. RF coil
24 has a function to transmit an RF signal given from the
transmitter 29 to the object P. The reception RF coil 24 has
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a Tunction to recetve an NMR signal generated due to
excited nuclear spin 1nside the object P by the RF signal and
give the received NMR signal to the receiver 30.

The sequence controller 31 of the control system 25 1s
clectrically connected to the gradient magnetic field power
supply 27, the transmitter 29 and the receiver 30. The
sequence controller 31 has a function to storage sequence
information describing control information needed 1n order
to make the gradient magnetic field power supply 27, the
transmitter 29 and the recerver 30 drive. The atorementioned
control information includes motion control information,
such as intensity, impression period and impression timing,
of the pulse electric current which should be impressed to
the gradient magnetic field power supply 27. The sequence
controller 31 also has a function to generate gradient mag-
netic fields Gx, Gy and Gz 1n the X-axis, Y-axis and Z-axis
directions and RF signals by driving the gradient magnetic
field power supply 27, the transmitter 29 and the receiver 30
according to a predetermined sequence stored.

The sequence controller 31 i1s also configured to receive
raw data, which are complex data obtained through the
detection of an NMR s1 gnal and A/D conversion to the NMR
signal detected in the receiver 30, and 1nput the raw data to
the computer 32.

Therefore, the transmitter 29 has a function to give an RF
signal to the transmission RF coil 24 1n accordance with the
control mmformation provided from the sequence controller
31. The receiver 30 has a function to generate raw data
which are digitized complex number data obtained by
detecting an NMR signal given from the reception RF coil
24, performing predetermined signal processing to the NMR
signal detected, and performing A/D conversion to the NMR
signal after the predetermined signal processing. The
receiver 30 also has a function to give the generated raw data
to the sequence controller 31.

In addition, the magnetic resonance imaging apparatus 20
comprises an ECG unit 38 for acquiring an ECG (electro-
cardiogram) signal of the object P. The ECG si1gnal detected
by the ECG unit 38 15 outputted to the computer 32 through
the sequence controller 31.

Note that a PPG (peripheral pulse gating) signal repre-
senting a cardiac beat as pulse wave information may be
acquired instead of the ECG signal representing a cardiac
beat as heart rate information. A PPG signal 1s acquired by
detecting a pulse wave of e.g. a tip of a finger as an optical
signal. When a PPG signal 1s acquired, a PPG signal
detection unit 1s provided with the magnetic resonance
imaging apparatus 20. Hereinafter, a case of acquiring the
ECG signal will be described.

The computer 32 obtains various functions by the opera-
tion device 35 executing some programs stored in the
storage device 36 of the computer 32. Alternatively, some
specific circuits having various functions may be provided
with the magnetic resonance 1maging apparatus 20 instead
of using some of the programs.

FIG. 3 1s a functional block diagram of the computer 32
shown 1n FIG. 2.

The computer 32 functions as an imaging condition
setting unit 40, a sequence controller control unit 41, a
k-space database 42, a blood flow 1mage generating unit 43,
an 1mage database 44 and a blood flow information gener-
ating unit 45. The imaging condition setting unit 40 com-
prises a prescan condition setting unit 40A, an 1maging
parameter determining unit 403 and an 1maging parameter
storing unit 40C.

The imaging condition setting unit 40 has a function to set
imaging conditions including a pulse sequence based on
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instructions from the mput device 33 and to provide the set
imaging conditions to the sequence controller control unit
41. Additionally, the imaging condition setting unit 40 has a
function to set a pulse sequence to acquire a blood tlow
image on a cross-section of myocardium by labeling (tag-
ging) blood flowing mto an imaging region under ECG
synchronization without using a contrast medium. The
imaging condition setting unit 40 also has a function to set
a plurality of pulse sequences to acquire a plurality of blood
flow 1mages, each of which 1s indicative of a mutually
different traveling time of labeled blood. Note that the term
“label” or “labeling” 1s used as synonymous with “tag” or
“tagging”, respectively.

As an 1maging sequence lfor acquiring data from an
imaging region including a plurality of cross-sections of
myocardium, for example, a three-dimensional (3D) fast
spin echo (FSE) sequence, a 3D-fast asymmetric spin echo
or fast advanced spin echo (FASE) sequence, a 3D steady
state free precession (SSFP) sequence, an echo planar imag-
ing (EPI) sequence and a radial data acquiring sequence can
be used.

The FASE sequence 1s an FSE-type sequence which
utilizes a half-Fourier method.

The radial data acquiring sequence includes a Periodically
Rotated Overlapping Parallel Lines with Enhanced Recon-
struction (PROPELLER) sequence which rotates a plurality
ol data acquiring lines.

The SSFP sequence has different versions such as a
balanced SSFP sequence (or a true SSFP sequence). The
balanced SSFP sequence and the true SSFP sequence are
suitable for fast data acquisition because of their high
elliciency of data acquisition.

The FBI method 1s known as non-contrast-enhanced
MRA. The FBI method 1s a non-contrast-enhanced MRA
which uses a sequence such as a FASE sequence to acquire
echo data repeatedly every one of plural heartbeats at a data
acquisition time delayed by a predetermined time from a
trigger signal. This trigger signal 1s synchronized with a
reference wave, such as an R wave, indicative of a cardiac
time phase of the object P.

According to the FBI method, a transverse relaxation (12)
component of magnetization i blood recovers with the
clapse of plural heartbeats, thereby water (blood) weighted
imaging, 1n which the T2 magnetization component of blood
1s enhanced, can be obtained as a blood vessel 1mage.

Moreover, three dimensional imaging for acquiring echo
data (volume data for predetermined slice encode amounts 1s
performed 1n the FBI method.

Furthermore, 1imaging conditions for labeling blood are
set 1n order to depict blood flowing from an aorta into an
imaging region inside the heart satistactorily. As one of
labeling methods, a Time-SLIP (Time Spatial Labeling
Inversion Pulse) method, 1n which a plurality of labeling
pulses are applied, 1s known. Hereinafter, the time-SLIP
method will be described as an example of labeling methods.

In the time-SLIP method, a time-SLIP pulse for labeling
1s applied in accordance with the time-SLIP sequence and
blood flowing into an 1imaging region 1s labeled. That 1s, the
time-SLIP sequence 1s an 1imaging sequence which applies
an arterial spin labeling (ASL) pulse for labeling blood
flowing 1nto an 1maging section so that the labeled blood 1s
selectively depicted or suppressed. According to this time-
SLIP sequence, signal mtensities of only blood reaching the
imaging region aiter T1 (1inversion time) can be selectively
emphasized or suppressed. The time-SLIP pulse 1s applied
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alter a certain delay time from an R wave of an ECG signal.
In this case, imaging 1s performed under ECG synchroni-
zation.

In the time-SLIP sequence, “a spatially non-selective
inversion pulse (region non-selective inversion pulse)” and
“a spatially selective inversion pulse (region selective inver-
sion pulse)” are used. The spatially non-selective mversion
pulse can be switched on/off. The time-SLIP sequence
includes at least the spatially selective inversion pulse. That
1s there are two cases for the time-SLIP sequence. In one
case, the time-SLIP sequence consists of the spatially selec-
tive inversion pulse(s) only. In the other case, the time-SLIP
sequence 1ncludes both the spatially non-selective inversion
pulse(s) and the spatially selective inversion pulse(s).

The spatially selective inversion pulse can be set arbi-
trarily independent of an 1maging region. When blood
flowing into an 1maging region 1s labeled with the spatial
spatially selective inversion pulse, signal intensity at the part
to which the blood reaches after BBTI becomes strong. Note
that when the spatially non-selective mnversion pulse 1s set to
ofl, signal intensity at the part to which blood reaches after
BBTI becomes weak. Therefore, a moving direction and a
distance of blood movement can be understood.

FIG. 4 1s a timing chart showing an example of the
time-SLIP sequence set 1n the 1maging condition setting unit
40 shown 1n FIG. 3. In FIG. 4, the abscissa axis indicates
passing time t. Additionally, ECG, RF, G and Nz 1n FIG. 4
indicate an R wave as an ECG trigger, an RF signal, a
gradient magnetic field pulse and longitudinal magnetization
component, respectively. Also, tdl 1s a time period (delay
time) from the time of an R wave to the time of applying a
spatial non-selective 180° IR (inversion recovery) pulse.
Additionally, td2 i1s a time period (delay time) from the time
of an R wave just before the starting time of data acquisition
to the time of starting the data acquisition.

As shown 1n FIG. 4, the spatially non-selective 180° IR
pulse 1s applied at the timing delayed by the predetermined
delay time td1 from the time of the R wave, in synchroni-
zation with the R wave of the ECG signal. Thereby longi-
tudinal magnetization component Mz of myocardium and
blood inside the object P inverts. That 1s both of the
longitudinal magnetization components Mz of the myocar-
dium and the blood become -1.

Next, the first and second 180° spatial selective IR pulses
are applied at a different timing each other to a slab selected
as a labeling region. Note that the application timing of the
first spatial selective 180° IR pulse 1s AT after the applica-
tion timing of the spatial non-selective 180° IR pulse.
Additionally, 1 order to select a slab for labeling, the first
and second 180° slab-selective excitation gradient magnetic
field pulses are respectively applied at the same timing as the
application timing of the first or second spatial selective
180° IR pulse. Thereby, longitudinal magnetization compo-
nent Mz of blood inside the labeling region selectively
inverts aiter recovering by the quantity according to the time
interval between the spatial non-selective 180° IR pulse and
the spatial selective 180° IR pulse. That 1s, the blood nside
the labeling region 1s labeled.

Note that in FIG. 4, the longitudinal magnetization com-
ponent Mz of the blood 1nside the labeling region inverted

by the first spatial selective 180° IR pulse 1s shown as a
two-dot chain line, whereas the Mz of the blood mnverted by

the second spatial selective 180° IR pulse 1s omitted. This 1s
because FIG. 4 becomes complicated if both of them are
shown. Meanwhile, the longitudinal magnetization compo-
nent Mz of blood outside the labeling region 1s maintained
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as a negative value without being inverted. That 1s the first
and second spatial selective 180° IR pulses function as a
labeling pulse.

Then, an 1maging sequence 1s started at a timing BBTI
alter the application timing of the 180° spatial non-selective
pulse (that 1s at a timing BBTI (Black Blood Traveling Time)
alter the application timing of the first spatial selective 180°
IR pulse), and data acquisition of the imaging region includ-
ing the myocardium part 1s started.

Note that it 1s preferable to perform the data acquisition at
a cardiac time phase of the same diastole consistently,
because the myocardium 1s always in motion. Then, the
delay time td1 and td2 of ECG synchronization are set so
that the data acquisition 1s performed at an appropriate
cardiac time phase at diastole.

More specifically, the heart 1s the most suitable for data
acquisition 1n 1ts terminal phase at diastole, because 1ts state
in terminal phase at diastole 1s the closest to a static
condition due to smaller heartbeat motion at that time. In this
exemplary embodiment, 1images are respectively acquired
for mutually different BBTIs by changing BBTI as will be
mentioned later, whereas 1t 1s impossible to synchronize the
start timing of the data acquisition with the terminal phase
at diastole by merely increasing BBTI each time of the data
acquisition.

It 1s desirable to control the delay time td1, td2, and the
relationship between the labeling pulse and the spatially
non-selective pulse by means of satistying the following 2
conditions (a) and (b), when BBTI 1s increased: (a) 1s to
synchronize the start timing of the data acquisition with the
terminal phase of diastole consistently (through the entire
data acquisition); and (b) 1s to start the data acquisition when
the longitudinal magnetization component Mz of the unla-
beled myocardium 1s zero (when the background signal 1s
inhibited).

In order to satisty the conditions (a) and (b), this exem-
plary embodiment enables control BBTI and inhibition of
the background signal independently by using the following,
equations (1) and (2).

Td1+AT+BBTI=nxRR+td? (1)

AT+BBTI=TI (2)

In the equation (1), RR 1s a time interval between an R
wave and the next R wave, “n” 1s a counting number equal
to or larger than 1 (for example, up to 3). FIG. 4 corresponds
to the case where n=2. In the equation (2), TI 1s a physical
value determined by longitudinal relaxation time of the
myocardium, and 1s constant.

Then, 1n this embodiment, RR 1s measured based on an
ECG signal, then “n” 1s determined, and then the delay time
td2 1s determined so as to synchronize the start timing of the
data acquisition with the terminal phase of diastole. When
the delay time td2 1s determined, the delay time tdl 1s
unambiguously determined based on the equation (1). Next,
AT and BB'TI are determined based on the equation (2) so
that the data acquisition starts at the same timing as the
longitudinal magnetization component Hz of the unlabeled
myocardium becomes zero.

Here, 1n order to prolong reaching distance of blood, it 1s
necessary to extend BBTI. Therefore, BBTI may be set
longer than T1 by setting the sign of TI negative. That 1s the
spatially selective 180° IR pulse may be applied before the
spatially non-selective 180° IR pulse.

Note that a cyclic period of one heartbeat 1s not always the
same value, but changes. Thus, 1t 1s preferable to change a

pulse sequence appropriately according to the change in

10

15

20

25

30

35

40

45

50

55

60

65

10

heartbeats. Specifically, RR for the target of the data acqui-
sition 1s estimated based on data of ECG signal, a plurality
of RRs prior to the RR for the target of the data acquisition,
and so on. Then, the delay time td2 1s controlled (adjusted)
based on the estimated value of RR dynamically or in
real-time. In this control (adjustment), it 1s preferable to
avoid performing the data acquisition or to correct the delay
time td2 to a value shorter than the estimated value of the RR
for the target of the data acquisition, when the estimated
value of the RR 1s extremely short. This 1s because 1n the
case of the delay time td2 longer than the RR for the target
of the data acquisition, the data acquisition may be per-
formed 1n systole and this cardiac time phase 1s not appro-
priate for data acquisition due to larger motion of the heart.

Moreover, a fat suppression pulse such as a fat-saturation
pulse, a SPIR (spectral pre-saturation with inversion recov-
ery) pulse and so on 1s applied betfore the data acquisition as
shown 1 FIG. 4.

In the case of the FBI method, the period of the data
acquisition extends for plural heartbeats. Additionally,
because the data acquisition 1s performed without using a
contrast medium, there 1s no time limit. Therefore, an
imaging sequence for performing 3-dimensional data acqui-
sition with high resolution can be used.

Note that TT and BBTIs can be set independently of each
other. That 1s although a time interval AT between a spatial
spatially non-selective 180° IR pulse and a spatially selec-
tive 180° IR pulse 1s almost zero 1n the conventional art, the
time interval AT 1s changeable 1n this exemplary embodi-
ment. Though the time interval AT can be set instead of T1
or BB'TIs, hereinafter, the case of setting T1 and BBTIs will
be explained.

The longitudinal magnetization components Mz of the
myocardium and the unlabeled blood 1n the 1imaging region
recover after the application of the spatially non-selective
180° IR pulse, as shown 1n FIG. 4. Then, it 1s desirable to
determine TI so that the data acqusition 1s started at the
same timing as both of “the absolute value of the longitu-
dinal magnetization component Mz of the myocardium
functioning as background™ and *“the absolute value of the
longitudinal magnetization component Mz of the unlabeled
blood” are equal to or less than a predetermined value and
both are approximately zero. Thereby, unnecessary signals
from the unlabeled blood and the myocardium functioning
as a background can be inhibited, whereas signal from the
labeled blood can be selectively emphasized.

However, the recovery rate of the longitudinal magneti-
zation component Mz of the myocardium 1s different from
that of blood as shown 1in FIG. 4. Then, TI 1s determined 1n
order for the data acquisition to start at the timing when the
longitudinal magnetization component Mz of the myocar-
dium becomes approximately zero. At the same time, the
signal from the unlabeled blood can be suppressed by
performing data processing. Thereby, unnecessary signals
from the unlabeled blood and the myocardium can be
inhibited to a greater degree.

The process of eliminating the signals from the unlabeled
blood can be performed 1n blood flow 1mage generating unit
43 as discussed later. Specifically, magnetic resonance sig-
nals are complex-valued signals. Therefore, when “real
image reconstruction processing’ 1s performed by using real
parts (not absolute value) of the magnetic resonance signals,
the magnetic resonance signals from the unlabeled blood
become low in signal level in 1mage data due to their
negative value. Thus, when image data 1s displayed with
luminance according to data values, a labeled blood part
with high signal level 1s displayed with high luminance,
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whereas the unnecessary unlabeled blood part 1s displayed
with low luminance. Moreover, 1t 1s possible to display only
the labeled blood selectively as white blood, because signal
values from the myocardium are approximately zero.

Moreover, it 1s possible to make “canonicalized signals of >
negative value from the unlabeled blood” -1 by applying a
cosine filter to the acquired data. Thereby, 1t 1s possible to
make the unlabeled blood part black 1n the image data
displayed with luminance.

Additionally, BBTI can be set so that BBTI extends for
plural heartbeats. In order to achieve this, BBTI can be set
longer than TI, that 1s AT<0. When the spatially selective
180° IR pulse 1s applied, the labeled blood 1n the labeling
region moves 1nto the imaging region after elapse of BBTI.
Then, out of signals acquired by the data acquisition, the
signal of the labeled blood 1s especially emphasized. There-
tore, 1f BB'TI can be set longer, blood traveling for a longer
distance can be emphasized.

The maximum value of settable BBTI can be increased, >0
when the spatially selective 180° IR pulse 1s applied plural
times. That 1s, when the labeling pulse i1s applied to the
labeling region plural times, the quantity of the labeled
blood increases and thereby the maximum value of settable
BBTI becomes longer. In the example shown in FIG. 4, two 25
spatially selective 180° IR pulses are applied. That 1s the
second spatially selective 180° IR pulse 1s applied after the
application of the first spatially selective 180° IR pulse.

It 1s desirable to set ABB'TI so that the flow of the labeled
blood continues uninterrupted. For example, the maximum
value of settable BBTI can be doubled theoretically, it the
second spatially selective 180° IR pulse 1s applied “to the
same region as the region applied with the first spatially
selective 180° IR pulse™ at the timing when all of the blood
labeled by the first spatially selective 180° IR pulse flows out
of the labeling region. Note that the region to which the
second spatially selective 180° IR pulse 1s applied may be
the same as or different from the region to which the first
spatially selective 180° IR pulse 1s applied (both cases can 49
be used 1n this invention). It 1s desirable to make the flow of
labeled blood consecutive by, for example, setting “the
application region of the second spatially selective 180° IR
pulse” to “a part of the application region of the first
spatially selective 180° IR pulse which 1s imaging region- 45
side”.

Moreover, single or plural MPP (motion probing pulse) as
NMR signals for monitoring 1n an RMC (real-time motion
correction) method can be acquired before data acquisition,
if needed. The RMC method 1s a method correcting “a target 50
region for imaging data™ and “acquired data™ in real-time so
that influence of respiratory motion 1s eliminated by acquir-
ing the MPP with ECG-synchronization generally and using
motion quantity measured based on the MPP. The imaging
condition setting unit 40 has the function of correcting an 55
imaging data acquisition region based on the RMC method.

The MPP 1s acquired from a region including e.g. a
diaphragm “with phase encode quantity smaller than that of
the 1maging data” or “without applying phase encoding
gradient magnetic field”. Then, the position of the dia- 60
phragm regarding a body axial direction at the time of the
MPP acquisition can be detected as respiration level based
on signals acquired by performing 1D (one-dimensional) FT
(Fourier Transtormation) on the MPP. Thereby, vanation
(fluctuation) from a reference value of respiratory level can 65
be determined as respiratory motion quantity (motion quan-
tity caused by respiration). Moreover, the influence of the
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respiratory motion can be suppressed, 1 the data acquisition
region 1s moved by the distance corresponding to the respi-
ratory motion quantity.

Additionally, 1t 1s possible to visualize time change of the
respiratory level and avoid performing data acquisition,
when the respiratory level goes out of acceptable level.
Moreover, phase correction and positional correction of
imaging data may be performed according to the respiratory
motion quantity as post-processing for eliminating the intlu-
ence of the respiratory motion.

Note that the data acquisition may be performed under the
state of arrested respiration by making the object P do breath
hold with or without the use of the RMC.

Next, another example of the time-SLIP sequence will be
explained.

Generally, BBTI value 1s from 1200 ms (milliseconds) to
1400 ms and TI value 1s about 600 ms 1n many cases.
Theretfore, 1n the case of the time-SLIP sequence shown 1n
FIG. 4, BBTI 1s longer than TI in many cases (BBTI>TI).
Then, long BBTI can be set with inhibition of unnecessary
signals 1n the case of applying theatial spatially selective
180° IR pulse after the application of the spatially non-
selective 180° IR pulse, when a 180° imaging region selec-
tive IR pulse mnverting the longitudinal magnetization com-
ponent Mz of the myocardium and blood 1n the 1maging
region 1s applied after the application of the spatially selec-
tive 180° IR pulse for exciting the labeling region.

FIG. 5 shows another example of time-SLIP sequence set
in the 1maging condition setting unit 40 shown 1n FIG. 3.

The abscissa axis 1 FIG. 5 indicates elapsing time t. In
FIG. 5, ECG, RFE, G, and Mz indicate R wave as ECG
trigger, an RF signal, a gradient magnetic field pulse, and a
longitudinal magnetization component respectively. Addi-
tionally, td1 1s a delay time from “the R wave time” to “the
application time of the spatial non-selective 180° IR pulse”.
Also, td2 1s a delay time from “‘the R wave time just before
the starting time of the data acquisition™ to *“the starting time
of the data acquisition” (the same as FIG. 4).

As shown m FIG. 5, the longitudinal magnetization
components of the myocardium and blood in the imaging
region can be inverted again by applying the 180° imaging
region spatially selective IR pulse, 1t the longitudinal mag-
netization components of both myocardium and blood 1n the
imaging region have recovered to a positive value before the
labeled blood tlows 1nto the imaging region. In this case, the
timing, when the longitudinal magnetization components of
both myocardium and unlabeled blood become zero simul-
taneously, appears. This 1s because the recovery rate of the
longitudinal magnetization component Mz of the myocar-
dium 1s faster than that of the unlabeled blood.

Then, 1t 1s desirable to determine the time interval 1" from
the application time of the 180° 1maging region selective IR
pulse to the starting time of the data acquisition so that the
data acquisition 1s started at the timing when the longitudinal
magnetization components of both myocardium and unla-
beled blood become zero. Thereby, signals from the labeled
blood can be acquired with high intensity, inhibiting signals
from the myocardium and the unlabeled blood sufliciently.
Furthermore, BBTI extending for 3RR, which 1s longer than
2RR, can be set.

Note that even 11 the longitudinal magnetization compo-
nent Mz of the unlabeled blood has not recovered to a
positive value, the longitudinal magnetization component
Mz of dominant myocardium can be inverted to a negative
value by applying the 180° imaging region spatially selec-
tive IR pulse when the absolute value of the longitudinal
magnetization component Mz of the unlabeled blood 1s
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small enough to be 1gnored. Therefore, the signal from the
myocardium can be inhibited, even 1f BBTI 1s shorter than
2RR.

Next, a setting method of the labeling region of blood will
be explained.

The labeling region can be set to a part where a coronary
artery providing the myocardium with blood branches from
an aorta. More specifically, as vessels providing the myo-
cardium with blood, there are an RCA (Right Coronary
Artery), an LMT (Leit Main Coronary Trunk), an LCX (Left
Circumtlex Artery), and an LAD (Leit Anterior Descending
Artery). Blood of an arbitrary vessel providing the myocar-
dium with blood 1s the target for labeling.

FIG. 6 shows the first example of the labeling region (1.e.
labeled region) set 1n the 1maging condition setting unit 40
shown 1n FIG. 3.

As shown 1n FIG. 6, the myocardium 1s provided with
blood from the LMT, the RCA, the LCX and the LAD, each

branching from the aorta. Then, as shown 1n FIG. 6, the slab
including “the vent from the aorta to the LMT” and “the vent
from the aorta to RCA” can be set as the labeling region.
Moreover, by setting the imaging region to the myocardium
part, imaging can be performed with emphasized signals of
the blood reaching the myocardium via the LMT or RCA
after BBTI.

FIG. 7 shows the second example of the labeling region
(labeled region) set 1n the 1imaging condition setting unit 40
shown 1n FIG. 3 and FIG. 8 shows the third example of the
labeling region set 1n the 1maging condition setting unit 40.

As shown 1n FIG. 7, the labeling region including only the

RCA can be set by adjusting the direction of slab selection
and by setting the slab for partial excitation.
In the similar way, the labeling region can be set to the
slab including only the LMT, as shown in FIG. 8, the range
of blood provided from a labeled vessel 1n the myocardium
can be specified by selectively labeling the specified vessel
in the atorementioned manner. Also, the vessel providing
blood to a specified region of the myocardium can be
specified. Additionally, the labeling region can be set to the
slab mcluding only the LCX or LAD 1n the similar way.

FIG. 9 shows the fourth example of the labeling region
(labeled region) set 1n the 1imaging condition setting unit 40
shown 1n FIG. 3.

As shown 1n FIG. 9, if the slab on the aorta as well as the
slab 1nside the ventricle shown as shaded area are set as
labeling regions, 1t 1s possible to label blood. Thereby, the
volume of the labeled blood can be maintained, and the
labeled blood can be provided inside the myocardium for a
longer time. A slab inside the ventricle can be excited
selectively by using “2D (two-dimensional) localized exci-
tation” or “the combination of 2D localized excitation and
3D slab excitation™.

FIG. 10 shows the fifth example of the labeling region
(labeled region) set 1n the 1imaging condition setting unit 40
shown 1n FIG. 3, and FIG. 11 shows the sixth example of the
labeling region (labeled region) set 1in the 1maging condition
setting unit 40 shown 1n FIG. 3.

As shown 1n FIG. 10, the labeling region can be set by
using “a 3-chamber view 1image (In and Out Flow View) in
the cross-section displaying 3 chambers of a right ventricle,
a left ventricle and a left atrtum™ as a scout 1mage (posi-
tioming 1mage). In this case, the labeling region can be set
casily and accurately to a slab including the vent of the
coronary artery in the cardiac basal side.

Here, 11 the width of the labeling region 1s narrow, the
reaching distance of the labeled blood becomes shorter
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according to the decreased amount of the labeled blood and
consequently the labeled blood does not reach with enough

quantity in some cases.

Then, as shown 1n FIG. 11, (the width of) the labeling
region (labeled region) can be set wider but exclusive of the
imaging region in the 3-chamber view 1image. In this case, 1t
1s possible to set a longer BBTI, because the reaching
distance of the labeled blood becomes longer.

The 3-chamber view 1mage can be acquired by using a
known technology. Concretely speaking, the 3-chamber
view 1mage can be acquired e.g. by repeating “acquisition of
a scout image on a limear ROI (region of interest)” and
“setting of a linear ROI 1n the acquired scout image™. For
example, a 2D SSFP sequence can be used for acquiring the
3-chamber view 1mage.

FIG. 12 shows the seventh example of the labeling region
(labeled region) set in the imaging condition setting unit 40
shown 1n FIG. 3. As shown 1n FIG. 12, the labeling region
can be set with display of “a 3D-MRA 1mage including the
coronary artery in parallel with an object and a cardiac
sagittal plane” as a scout image. Also in this case, the
labeling region can be set easily and precisely to a slab
inclusive of the vent of the coronary artery, because branch-
ing behavior of the coronary artery 1s visible.

3D-MRA image data of the coronary artery can be
acquired 1n a shorter period, 1f the 3D-MRA 1mage data are
set as 1mage data of thickness Thl which 1s thin enough to
be acquired during breath hold. On the contrary, a scout
image ol wider range for setting the labeling region can be
acquired, 1f the 3D-MRA 1mage data of the coronary artery
are acquired under natural respiration with the aforemen-
tioned correction mhibiting the influence of motion caused
by respiration.

As shown 1n FIG. 12, the labeling region can be set e.g.
as “a region having infinite thickness” or “a slab having
finite thickness Th2 on the 3D-MRA image displayed ste-
rically”. Alternatively, the labeling region can be set as “a
region having infinite thickness” or “a slab having finite
thickness on projection 1image data such as MIP (maximum
intensity projection) image data acquired from the 3D-MRA
1mage data”. Moreover, as another example, the labeling
region can be set on 2D-MRA 1mage data 1in an appropriate
cross-section acquired from the 3D-MRA 1mage data.

Although FIG. 4 shows an example of 1imaging by using
a Flow-Out method of the time-SLIP method, imaging can
be performed by using a Flow-In method and an On-Off
Alternative diflerence method.

The Flow-Out method 1s a method of inhibiting signals of
myocardium by applying a spatially non-selective 180° IR
pulse as shown 1 FIG. 4, while acquiring imaging data at
the same timing as blood labeled by the spatially selective
180° IR pulse 1n the labeling region near a coronary artery
1s pertused 1nto the myocardium. Note that in the Flow-Out
method, the spatially non-selective 180° IR pulse can be set
OFF.

The Flow-In method 1s a method of applying only the
spatially selective 180° IR pulse(s) to an imaging region
including myocardium with the spatially non-selective 180°
IR pulse set OFF. In this method, imaging can be performed
so that blood flowing into the imaging region after the
application of the spatially selective 180° IR pulse 1s dis-
tinguished from other parts of excited state. This 1s because
the blood flowing 1nto the 1imaging region after the applica-
tion of the spatially selective 180° IR pulse 1s not intfluenced
by the spatially selective 180° IR pulse (1s 1n an unexcited
state).
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The On-Off Alternative difference method 1s a method of
generating difference 1mage data between an On 1image and
an Ol image as blood flow 1mage data. The On 1image 1s an
image whose 1mage data are acquired at the timing when
blood labeled by a spatially selective 180° IR pulse 1n the
labeling region near a coronary artery flows mnto myocar-
dium, 1 a way similar to the Flow-Out method. The Off
image 1s an 1mage whose 1image data are acquired without
applying the spatially selective 180° IR pulse (with other
imaging conditions set the same as the On 1mage). In the
On-Ofl Alternative difference method, signals from labeled
blood can be extracted selectively and blood tlow image data
can be generated by using the extracted blood signals.

Note that 1t 1s more desirable to perform data acquisition
of On 1images and data acquisition of Off 1images alternately
than to perform data acquisition of all the Off 1images after
fintshing data acquisition of all the On 1mages needed for
generating blood flow 1mage data. This 1s because the
interval of 1maging time between each On 1mage and each.
Ofl 1mage 1s shorter 1n the former, and influence of motion
ol an object (motion artifact) 1s smaller 1n the former.

Imaging conditions for acquiring blood flow 1mage data
correspondmg to a plurality of BB'TIs respectively are set 1in
the 1imaging condition setting unmit 40 by changing BB'TI in
the time-SLIP method. That 1s a plurality of mutually
different BBTIs are set as imaging conditions in the 1maging
condition setting unit 40.

Additionally, the delay time tdl and td2 of a pulse
sequence based on an appropriate R wave are set in the
imaging condition setting unit 40, so that data acquisition
timing 1s 1n the same cardiac time phase or 1n closer cardiac
time phase between diflerent BBTIs, as mentioned above.
Although the setting of these delay time td1 and td2 can be
performed automatically in the imaging condition setting,
unit 40, it can be set manually by iputting necessary
information to the imaging condition setting unit 40 through
the mput device 33.

Although the delay time td1 of a pulse sequence may be
set to a time interval from the timing of an R wave to the
application timing of the spatially non-selective 180° IR
pulse as shown i FIG. 4 and FIG. 5, the delay time td1 may
be set by using another criterion of the pulse sequence.
Moreover, a time condition influencing other data acquisi-
tion timing may be adjusted as a delay time of a pulse
sequence 1nstead of the delay time td1 from an R wave. For
example, a time 1nterval from the timing of an R wave to the
application timing of spa selective 180° IR pulse (td1+AT 1n
FIG. 4) can be set as a delay time. In this case, an appropriate
delay time can be determined automatically or manually
according to BBTI.

For example, when the first BBTI 1s 1200 ms (millisec-
onds) and the delay time (td1+AT) from the timing of R
wave to the application timing of spatially selective 180° IR
pulse 1s 400 ms, start timing of data acquisition 1s 1600 ms
aiter the timing of the R wave. Thus, when the second BBTI
1s 1400 ms, the start timing of the data acquisition can be set
in the same cardiac time phase by setting “the delay time
(td1+AT) from the timing of the R wave to the application
timing of the spatially selective 180° IR pulse” to 200 ms.

According to the above calculation method, 1imaging
conditions of each sequence such as the delay time td1 can
be calculated automatically so that the cardiac time phase of
the start timing of the data acquisition accords through
respective sequences having mutually different BBTTs. This
automatic calculation may be performed according to (A)
“values of time parameters such as BBTI and TI in the
sequence whose BB'TI value 1s selected as a reference value
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(criterion)” and (B) *“a priority condition as to which time
parameter such as AT 1s preferentially used to determine
imaging conditions of other sequences (sequences whose
BBTI values are not the reference value)”. Thereby, values
of each time parameter of sequences corresponding to other
BBTI can be set automatically by setting only (A) “values of
cach time parameters in the sequence whose BBTI value 1s
selected as criterion” and (B) the aforementioned priority
condition. According to the above automatic setting method,
the number of 1maging conditions a user should set 1s
required less, and this leads to improvement of operability of
an MRI apparatus.

In the Flow-Out method and the On-Off Alternative
difference method, BBTI corresponds to traveling time of
labeled blood. Additionally, BBTI corresponds to traveling
time ol unexcited blood 1n the Flow-In method. That 1s,
BBTI corresponds to traveling time of blood flowing into an
imaging region. Thus, 11 imaging 1s performed with different
BBTIs, a plurality of blood flow 1image data having mutually
different reaching positions of blood respectively can be
acquired. For example, BBTI 1s set to 600 ms, 800 ms, 1000
ms, and 1200 ms.

Next, setting method of T1 and BBTI will be explained.

The imaging parameter determining unit 40B has a func-
tion of setting TI and BBTIs. TI and BBTIs can be set
individually and can be determined by a prescan respec-
tively. Note that the “prescan™ and “prep scan™ discussed
later mean operation from pulse application such as a slice
selective pulse necessary for data acquisition to completion
ol generation of 1mage data by using 1mage reconstruction
processing.

The prescan condition setting unit 40A has a function of
setting 1maging conditions of a TI-prep scan which 1s a
prescan for determining TI and has a function of setting
imaging conditions of BBTI-prep scan which 1s a prescan
for determining BBTTs.

FIG. 13 1s a chart explaining a determination method for
TI and BBTIs set as imaging conditions 1n the imaging
condition setting unit 40 shown 1n FIG. 3.

In FIG. 13, the abscissa axis indicates elapsing time t. As
shown 1n FIG. 13(A), imaging conditions of the TI-prep scan
performing data acquisition plural times with mutually dif-
terent T1 (TI1, TI2, TI3, . . ., TIn) are set (note that “n”
represents the number of TIs). An arbitrary sequence, which
can be used for an imaging sequence such as the FASE
sequence, can be used for the data acquisition sequence of
the TI-prep scan. Note that 1t 1s desirable to use the same
sequence as the imaging sequence for the data acquisition of
the TI-prep scan. Additionally, it 1s desirable to use a 2D
sequence for the data acquisition of the TI-prep scan 1n order
to shorten time needed for the data acquisition.

As shown i FIG. 13(B), blood flow cross-sectional
images are generated by performing the TI-prep scan, and
thereby blood flow cross-sectional images I(T11), I1(T12),
I(TI3), . . ., I{TIn) are acquired. Then, an approprnate TI
(Tlopt) can be determined by selecting the blood flow
cross-sectional image (corresponding to Tlopt) with the best
contrast out of the plurality of blood flow cross-sectional
images 1(T11), I('T12), I(T13), . . ., I(TIn). That 1s information
on determination of TI value can be nputted nto the
imaging parameter determining unit 408 through the mput
device 33 as selection information on blood flow cross-
sectional 1mages.

Note that the imaging parameter determining unit 408
may be provided with a function of automatically selecting
the blood tlow cross-sectional 1image with good contrast by
using data processing such as threshold processing.
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In the similar way, imaging conditions of a BBTI-prep
scan performing data acquisition plural times with mutually
different BBTIs (BBTI1, BBTI2, BBTI3, . .., BBTIm) are
set as shown 1n FIG. 13(C) (note that “m™ represents the
number of BBTIs). An arbitrary sequence, which can be
used for an 1imaging sequence such as the VASE sequence,
can be used for the data acquisition sequence of the BBTI-
prep scan. Note that 1t 1s desirable to use the same sequence
as the 1maging sequence for the data acquisition of the
BBTI-prep scan. Additionally, 1t 1s desirable to use a 2D
sequence for the data acquisition of the BBTI-prep scan 1n
order to shorten time needed for the data acquisition.

As shown in FIG. 13(D), blood flow cross-sectional
images are generated by performing the BBTI-prep scan,
and thereby blood flow cross-sectional images I(BBTI1),
I(BBTI2), I(BBTI3), ..., I(BBTIm) are acquired. Then, out
of the plurality of blood flow cross-sectional images
I(BBTI1), I(BBTI2), I(BBTI3), . .., I(BBTIm), a range of
blood flow cross-sectional images I(BBTIst), . . . ,
I(BBTlIend), in which traveling distance of blood flowing
into the 1imaging region 1s 1n appropriate range, are selected.
By this selection, an appropriate range of BBTIs (from
BBTIst to BBTlend) are determined. That 1s “plural BBTI
values as selection mformation on blood flow cross-sec-
tional 1mages” or “determination information on default,
final value and changing amount of BBTI” can be inputted
into the imaging parameter determining unit 408 through
the mput device 33.

For example, by performing 2-dimensional imaging with
plural BBTIs ranging from 100 ms to 2000 ms with incre-
ment of 100 ms, BBTIs ranging from 600 ms to 1200 ms
with icrement of 200 ms may be determined for imaging.
By this way, changing amount of BBTI values for imaging
may be changed from that of the BBTI-prep scan.

It 1s desirable to set imaging cross-sections of the BBTI-
prep scan to “an arbitrary plane inclusive of the cardiac long,
axis” or “a plurality of long axial planes rotated around the
cardiac long axis”. This 1s so that the myocardial cross-
sectional position 1n the cardiac long axial direction, where
the blood labeled according to BBTI reaches, 1s visible on
the BBTI-prep image.

That 1s 1n terms of determining an appropriate BBTI and
its variation range, 1t 1s desirable to set the BBTI-prep
images to the same 1mages as scout 1mages for setting the
labeling region or 2D 1mages in parallel with these scout
1mages.

Then, 3D 1maging can be performed using appropriate T1
(TIopt) and a plurality of BBTIs (BBTIst, . .., BBTIend) as
imaging conditions as shown in FIG. 13 (E).

An appropriate T1 value and a plurality of appropriate
BBTIs are different according to conditions such as age,
sexuality, body height and body weight of an object, stage of
progression in a lesion area and an 1imaging region. Then, a
database of an appropriate TI value and a plurality of
appropriate BBTIs can be empirically compiled per each of
the those conditions. That 1s a table data (table-type data-
base) indicative of an appropriate T1 value and a plurality of
appropriate BBTIs per each of the conditions of an object
can be stored in the imaging parameter storing unit 40C.

In this case, when information on the conditions of an
object 1s mputted to the imaging parameter determining unit
40B by operating input device 33, the imaging parameter
determining umt 408 can refer to the table data on the
imaging parameter storing unit 40C and can obtain an
appropriate T1 value and/or a plurality of appropriate BBTIs
corresponding to the inputted conditions. In this manner, an
appropriate T1 value and/or a plurality of appropriate BBTIs
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corresponding to conditions of an object can be determined
without performing the TI-prep scan and/or the BBTI-prep
scai.

Next, other functions of the computer 32 will be
explained.

The sequence controller control umit 41 has a function of
acquiring i1maging conditions including pulse sequences
from the 1maging condition setting unit 40 based on com-
mand information on start of imaging, and performing drive
control of the sequence controller 31 by inputting the
acquired 1maging conditions to the sequence controller 31.
Additionally, the sequence controller control unit 41 has a
function of receiving raw data from the sequence controller
31 and arranging the raw data in k-space formed in the
k-space database 42.

The blood tlow 1image generating unit 43 has a function of
obtaining k-space data from the k-space database 42, and
generating a plurality of blood tlow 1mage data correspond-
ing to mutually different BBTIs by performing image recon-
struction processing including FT (Fourier transformation)
and necessary image processing. Additionally, the blood
flow 1mage generating unmt 43 has a function of writing the
generated blood tflow 1image data onto the image database 44.

For example, 1n the case of the On-Off Alternative dif-
ference method, the blood flow 1mage generating unit 43
performs 1mage processing of difference data between “On
image data acquired by performing labeling with the spatial
selective 180° IR pulse” and “Off image data acquired
without performing labeling™.

Moreover, 1n the case of correcting respiratory motion by
using the RMC method, the blood flow 1image generating
unit 43 performs phase correction of the k-space data with
shift amount corresponding to amount of respiratory motion
and positional correction of blood flow 1image data so as to
remove the intluence of respiratory motion. The amount of
respiratory motion can be determined, for example, as
amount of variation from a reference value of real space data
obtained by performing FT on the k-space data such as the
MPP acquired for detecting respiratory level.

Moreover, the blood flow 1mage generating unit 43 has a
function of performing correction processing. In this cor-
rection processing, signal components of telae are removed
from “image data obtained by performing image reconstruc-
tion processing on the k-space data™ and only the blood flow
signal components are extracted as the blood flow 1mage
data.

FIG. 14 1s an explanatory chart showing the generation
processing of the blood flow 1mage data performed by the
blood flow image generating unit 43. In the generation
processing, signal components except blood 1s removed
from 1mage data.

In each of FIGS. 14 (A) and (B), the abscissa axis
indicates time length of BBTI and the vertical axis indicates
signal intensity S. In FIG. 14 (A), signal values of image
data are plotted per BBTI. As shown in FIG. 14 (A), the
longer BBTI 1s, the stronger the signal intensity S of the
image data becomes. This 1s because the longitudinal mag-
netization components of telae (tissues) and unlabeled blood
recover according to the length of BBTI. That 1s, the longer
BBTI 1s, the more signal component from the background is
superimposed and this changes the base line of the blood
signal. Thus, 1n order to determine signal intensity of the
blood flow 1mage data more accurately, 1t 1s desirable to
perform base line correction in which signal components
from the labeled blood are extracted by removing signal
components of the background from the image data.
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Therelore, the blood flow 1mage generating unit 43 has a
function of generating the blood flow 1image data as shown
in FIG. 14 (B) by performing the aforementioned base line
correction on 1mage data. The base line correction can be
performed by subtracting the background component except
labeled blood from the 1mage data. Note that the base line
correction may be performed on the k-space data before the
image reconstruction processing instead of the image data
alternatively. Signal values of the background components
can be determined by 1maging or by performing simulation
of a T1 recovery curve of longitudinal magnetization com-
ponent Mz.

As the 1maging for determiming the signal value of the
background component, for example, there 1s a method of
applying a spatially non-selective 180° IR pulse to invert the
longitudinal magnetization component Mz of the back-
ground part without applying a spatially selective 180° IR
pulse for labeling blood. Alternatively, the signal value of
the background component can be acquired by 1maging in
which the labeling region 1s set as a region whose labeled
blood doesn’t flow into the imaging region at the timing of
data acquisition. Additionally, 11 the signal value of the
background component 1s acquired by imaging for only a
part of the immaging region which needs the base line
correction, 1maging time and data processing amount are
decreased.

The blood flow information generating unit has a function
of (A) obtamming a plurality of blood flow 1mage data
corresponding to mutually different BBTIs respectively
from the 1mage database 44, (B) performing cardiac function
analysis based on the plurality of blood flow 1image data, (C)
generating blood flow mformation indicating cardiac func-
tion 1n myocardium 1n an arbitrary description method as the
result of the cardiac function analysis, and (D) displaying the
blood flow information on the display device 34.

As an example of display of the blood flow information,
there 1s a method of performing parallel display of the
plurality of blood flow i1mages corresponding to mutually
different BBTTs respectively. Then, the longer BBTI a blood
flow 1mage corresponds to, the longer distance the blood
flow 1mage 1ndicates as traveling distance of the emphasized
blood flowing 1nto the imaging region. This 1s because BBTI
corresponds to supply time of blood to the imaging region.
That 1s a plurality of blood tlow 1mages indicating respec-
tively diflerent traveling distances of blood can be displayed
corresponding to each BBTI.

Moreover, blood flow 1mage data having a time axis can
be generated as the blood flow information like cine image
data for consecutively displaying blood tlow images on an
image to 1mage basis in the order of BBTI values. In this
case, the blood flow 1images can be displayed so that the
behavior of blood flow gradually flowing inside the myo-
cardium 1s shown.

Additionally, a profile of the blood flow 1image data per
BBTI at an arbitrary myocardial cross-sectional position can
be generated as the blood flow information.

FIGS. 15 A-B are diagrams showing an example of a
profile of the blood flow 1image data generated by the blood
flow information generatmg unit 1n FIG. 3. FIG. 15 (A)
shows a cross-sectional 1mage including the myocardial
short axis. FIG. 15 (B) shows the profile of the blood flow
image data on a linear ROI (region of interest) set on the
cross-sectional 1mage including the myocardial short axis
shown 1n FIG. 15 (A). That 1s the abscissa axis in FIG. 15
(B) shows cross-sectional positions on the myocardial short
axis and the vertical axis 1 FIG. 15 (B) shows signal
intensity of the blood flow image data.
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As shown 1n FIG. 15 (B), the myocardium 1s covered with
its endocardium (endomembrane) and epimyocardium (epi-
cardium), and the left ventricle 1s formed inside the myo-
cardium. Additionally, the left ventricle 1s adjacent to the
right ventricle. By generating a profile 1n the direction of the
short axis in such myocardial cross-section, the data shown
in FIG. 15 (B) are obtained. Because blood flow amount
inside the myocardium 1s small compared with the inside of
the left and right ventricles, the blood signal intensity inside

the myocardium 1s relatively small as shown 1n FIG. 15 (B).
A profile like FIG. 15 (B) can be made per BBTI.

FIGS. 16 A-D are diagrams showing an example of a set
of profiles of the blood flow 1image data corresponding to a
plurality of different BBTIs. Note that these profiles are
made by the blood flow information generating unit in FIG.
3. In FIGS. 16 A-D, each vertical axis shows blood signal
intensity and each abscissa axis shows positions 1n the

direction of the myocardial short axis.

For example, as shown i FIG. 16 (A), (B), (C), (D),
profiles of the respective blood tflow 1mage data 1n the case
of changing BBTI such as 600 ms, 800 ms, 1000 ms, and
1200 ms can be made. Then, by displaying the respective
profiles of the blood flow 1mage data corresponding to a
plurality of different BBTIs for an arbitrary myocardial
cross-section in parallel, these profiles can be compared with
cach other.

Blood, which has flowed into the imaging region, flows
into the inside of the myocardium from the epimyocardium
and flows into the inside of the left ventricle from the
endocardium. Thus, after the signal intensity near the
epimyocardium has gradually increased according to the
extension ol the BBTI, the signal intensity near the endo-
cardium 1increases due to the movement of blood toward the
endocardium side as shown 1n FIG. 16 (A), (B), (C), (D). By
this way, the traveling behavior of the blood 1n the myocar-
dium according to change 1n BBTI can be observed as time
change of signal mtensity 1n the myocardium. Additionally,
distribution of blood signal can be analyzed.

These profiles of the blood flow 1mage data can be made
and displayed 3-dimensionally, instead of being made as an
arbitrary cross-section. In other words, a profile comprising
3 parameters, which are respective values 1n the 2 directions
crossing on a myocardial cross-section (e.g. X coordinate
value and y coordinate value) and signal value S, can be
displayed as an oblique perspective figure 1n torus-shape
(doughnut shape). Thereby a part with relatively low signal
intensity can be easily found out.

Additionally, by performing sign inversion processing on
the blood flow 1mage data, a highlighted display can be
performed 1n the way the lower signal intensity part has the
higher displayed brightness. Then, even 1f the low signal
intensity part such as an infarction part 1s localized, 1t can be
casily discovered. Moreover, 1f the profile 1s displayed
3-dimensionally, a low signal intensity part can be observed
as a peak.

Additionally, when the blood flow 1mage generating unit
43 doesn’t perform the aforementioned base line correction,
it means that the background signal component 1s superim-
posed on the obtained profile. Then, the obtained profile can
be displayed with different colors and a display method so
that the respective signal components of the background and
the labeled inflowing blood are distinguishable from each
other.

Moreover, by calculating signal difference between a
plurality of blood flow 1mage data corresponding to different
BBTIs respectively as the blood flow information, a lesion
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area such as an infarction area and an 1schemia area 1n the
myocardium can be specified based on the calculated signal
difference.

FIG. 17 1s a diagram showing an example of distinguish-
ably displayed lesion areas of the myocardium identified by
the blood flow information generating unit 1n FIG. 3 based
on signal difference between blood tlow 1mage data corre-
sponding to different BBTIs. FIG. 17 1s a blood flow
information 1mage per segment displaying signal (signal
intensity) difference between the blood flow image data
corresponding to different BBTIs by dividing a short axial
cross-section of the myocardium into a plurality of seg-
ments. That 1s luminance display of the signal difference
between the blood flow 1mage data corresponding to differ-
ent BBTIs 1s possible with high resolution as shown in FIG.
17, because the blood tflow 1mage data are acquired without
using a contrast medium. Color display per segment with at
least one of chromatic colors according to signal values 1s
possible with regard to the signal difference.

In this case, the signal diflerence between 3-dimensional

blood tlow 1mage data can be calculated on a pixel to pixel
basis. Thereby, the blood tlow mnformation can be acquired
with higher precision. In the case of calculating the differ-
ence values per pixel, each representative value such as an
average value 1n each segment may be displayed.

Note that the signal difl

erence between the blood flow
image data may be displayed as a so-called bull’s-eye
display 1n which data of a plurality of mutually different
myocardial cross-sections are displayed as a compilation of
concentric 1mages. Additionally, signal values of the blood
flow 1mage data can be displayed per segment.

For example, the delta(difference) between reference data
and the blood flow 1mage data corresponding to each BBTI
can be calculated. In this case, the reference data are the data
acquired without applying a spatially selective 180° IR pulse
(1.e. acquired with BBTI set to zero). Then, the signal
difference value according to traveling distance of blood at
cach data acquisition time can be obtained.

The signal difference value 1n a normal area 1s equal to or
more than a constant value, because the amount of supphed
blood 1s suflicient there. However, the signal difference
value 1n an infarction area where blood 1s not supplied 1s
zero, because blood signal does not change there. Addition-
ally, the signal difference value in an 1schemia area, where
the amount of supplied blood 1s small, 1s low. This 1s because
variation of blood signal 1s small there.

Thus, range of an infarction area can be detected by
judging whether or not the signal difference value can be
regarded as zero at each position and by specilying the
region where the signal difference value can be regarded as
zero. Additionally, range of an 1schemia area can be detected
by judging whether or not the signal difference value can be
regarded as equal to or less than a threshold value corre-
sponding to an 1schemia part at each position and by
specifying the region where the signal difference value can
be regarded as equal to or less than the threshold value. A
lesion area such as an infarction area and an 1schemia area
can be distinguishably (1dentifiably) displayed by using e.g.
different patterns as shown in “the color 1 part” and *“the
color 2 part” mn FIG. 17. Although FIG. 17 1s drawn 1n
grayscale for reasons of expediency, “the color 1 part” and
“the color 2 part” 1n FIG. 17 may be colored with different
chromatic colors respectively so that they are distinguish-
ably displayed as lesion areas.

FIG. 18 1s a diagram showing the signal difference 1n the
line ROI-A crossing the ischemia area shown in FIG. 17.
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FIG. 19 1s a diagram showing the signal difference 1n the line
ROI-B crossing the infarction area shown in FIG. 17.

In FIG. 18 and FIG. 19, each vertical axis indicates signal
difference values AS between the blood flow 1mage data
corresponding to different BBTIs and each abscissa axis
indicates positions on the linear ROI. As shown in FIG. 18,
the signal difference value AS in the ischemia area (shown
as “SLIGHT VARIATION™) 1s small in the profile of the
signal difference value on the linear ROI A 1 FIG. 17
crossing the 1schemia area. Additionally, as shown i FIG.
19, the signal difference value AS in the infarction area
(shown as “NO VARIATION™) 1s zero in the profile of the
signal difference value on the linear ROI B i FIG. 17
crossing the infarction area. Moreover, these curves of the
signal difference values can be displayed as the blood flow
information.

FIG. 20 1s an example showing how the blood flow
information generating unit in FIG. 3 enables users to select
the display of each signal diflerence value between the blood
flow 1mage data corresponding to different BBTIs 1n a
plurality of linear ROIs on a cross-section of the myocar-
dium.

FIG. 20 1s a blood flow information image per segment
displaying signal difference between the blood tlow image
data corresponding to different BBTIs by dividing a short
axial cross-section of the myocardium into plural segments.
As shown 1n FIG. 20, a plurality of linear ROIs (ROI-1,
ROI-2, ROI-3, . . . ) can be selectably set on a blood flow
information 1mage. Then, 11 an arbitrary linear ROI 1s
selected through the input device 33 by operation of e.g. a
mouse, the curve of the signal difference value AS on the
selected linear ROI 1s displayed like FIG. 18 and FIG. 19.

Note that a plurality of linear ROIs may be displayed as
bulls-eye display. Additionally, the computer 32 may be
configured to display a profile of signal values on the
selected linear ROI by displaying signal values of the blood
flow 1mage data per segment, when an arbitrary linear ROI
1s selected out of a plurality of linear ROIs. Moreover,
3-dimensional display, sign mnversion display, and distin-
guishable display of background component are possﬂjle
with regard to a profile of the signal difference value AS 1n
a way similar to the profile of signal intensity.

In addition, when the signal difference between the blood
flow 1mage data corresponding to different BBTIs 1s calcu-
lated, it 1s important that each of the blood flow 1image data
for the calculation target indicates “the position of the
myocardial cross-section” corresponding to the positions of
the other blood tlow 1image data. Then, as mentioned above,
it 1s desirable to perform the positional correction of the
blood tlow 1mage data so that (A) the cardiac time phase at
the data acquisition timing accords with each other through
the blood flow 1mage data which are the calculation target of
the difference value and (B) each position of the myocardial
cross-section on the blood flow 1mage data accords with
cach other. This 1s because the blood flow information can
be acquired more precisely in that manner. The positional
correction of the blood flow 1mage data can be performed 1n
the blood flow mformation generating unit 45.

FIG. 21 1s a diagram showing reference positions for the
blood flow information generating unit 45 i FIG. 3 to
perform the positional correction between the blood flow
image data.

As shown 1n FIG. 21, the myocardium 1s covered with the
endocardium (endomembrane) and the epimyocardium, and
the left ventricle 1s formed inside the myocardium. Addi-
tionally, the left ventricle 1s adjacent to the right ventricle.
On such a myocardial short axial cross-sectional image, the
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blood tflow information such as the signal difference value
can be acquired more accurately by setting one or plural
reference position(s) at the border part between the left and
right ventricles and by performing the positional correction
such as parallel shift or rotational locomotion of the respec-
tive blood flow 1mage data 1n the following manner. That 1s
the positional correction should be performed so that the
reference positions more accord with each other through the
blood flow 1mage data corresponding to different BBTIs.
Note that although the positional correction can be per-
formed more easily 1n the case of setting 2 reference
positions as shown in FIG. 21, the positional correction can
be performed in the case of setting only one reference
position.

(Operation and Action)

Next, the operation and action of the magnetic resonance
apparatus 20 will be explained.

FI1G. 22 1s a flowchart showing a procedure for acquiring,
the blood flow information on cross-sections of the myo-
cardium of the object P and displaying their images by
performing a non-contrast MRA 1imaging with the magnetic
resonance 1maging apparatus 20 shown in FIG. 2. Herein-
after, the case of performing imaging operation under the
Flow-Out method of the time-SLIP method will be
explained as an example.

First, the object P 1s set on the bed 37 in advance. Then,
a static magnetic field 1s formed 1n the 1maging region inside
the static magnetic field magnet 21 (superconducting mag-
net) excited by the static magnetic field power supply 26.
Additionally, electric current 1s supplied from the shim coil
power supply 28 to the shim coil 22, thereby the static
magnetic field formed 1n the 1maging region i1s uniformed.

Next, i step 1, the imaging parameter determining unit
40B determines TI and a plurality of mutually different
BBTIs of the time-SLIP sequence. These TI and BBTIs can

be determined by performing a prescan or searching the
database stored i1n the 1maging parameter storing unit 40C.

In the case of determining T1 and/or BBTIs by performing,
the prescan, the 1maging conditions for the prescan are set in
the 1maging condition setting unit 40 1n the way explained

with FIG. 13. Then, the prescan 1s performed under ECG
synchronization according to the imaging conditions set for
the prescan. Moreover, T1 and/or BBTIs are(is) determined
based on the acquired blood flow 1mages in the prescan.
Additionally, 1n the case of determining T1 and/or BBTIs by
searching the database, the imaging parameter determining
unit 40B obtains ““I1 and/or BBTIs corresponding to con-
ditions inputted through the mput device 33” from the
imaging parameter storing unit 40C.

Next, 1 step 2, the time-SLIP sequence with the deter-
mined TT and the plurality of different BBT1Is (see FIG. 4 and
FIG. 5) are set as 1maging conditions for imaging in the
imaging condition setting unit 40. Then, 1maging without
using a contrast medium 1s performed 1n synchronization
with an ECG signal from the ECG unit 38 according to the
set 1maging conditions.

Concretely speaking, when imaging start command 1s
inputted from the input device 33 to the sequence controller
control unit 41, the sequence controller control umt 41
inputs the imaging conditions 1including the pulse sequence
obtained from the 1maging condition setting unit 40 to the
sequence controller 31. The sequence controller 31 drives
the gradient magnetic field power supply 27, the transmitter
29 and the receiver 30 1n synchronization with the ECG
signal from the ECG unit 38 according to the set pulse
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sequence so that a gradient magnetic field 1s formed 1n the
imaging region where the object P 1s set and the RF coil 24
generates RE signals.

Therefore, NMR signals generated by nuclear magnetic
resonance inside the object P are detected by the RF coil 24
and mputted to the recerver 30. The receiver 30 receives the
NMR signals from the RF coil 24 and generates raw data.
The receiver 30 inputs the generated raw data to the
sequence controller 31. The sequence controller 31 nputs
the raw data to the sequence controller control umt 41, and
the sequence controller control unit 41 arranges the raw data
in the k-space formed 1n the k-space database 42 as k-space
data.

Note that the RMC 1s performed 11 necessary, and data
acquisition region 1s corrected according to the respiratory
motion amount acquired based on the MPP.

Next, 1n step 3, the blood tlow 1image generating unit 43
generates a plurality of 1image data corresponding to difler-
ent BBTIs by obtaining the k-space data from the k-space
database 42 and performing 1mage reconstruction process-
ing on the k-space data. Additionally, 1n the case of per-
forming the RMC, phase of the k-space data or a position of
the 1mage data 1s corrected according to the respiratory
motion amount acquired based on the MPP, if necessary.

Next, 1n step 4, the blood tlow 1image generating unit 43
generates the plurality of blood flow 1mage data correspond-
ing to different BBTIs by performing necessary image
processing such as differential processing on the recon-
structed 1image data. The generated blood flow 1mage data
are stored in the image database 44. Moreover, the blood
flow 1mage generating unit 43 performs the base line cor-
rection on the 1mage data so as to remove signal components
of T1 recovery (longitudinal relaxation) of the background,
il necessary. Note that the base line correction may be
performed on the k-space data on which the image recon-
struction processing has not been performed yet.

Next, in step 3, the blood tlow information generating unit
45 generates the blood flow information on myocardial
cross-sections based on the plurality of blood flow i1mage
data corresponding to different BBTIs and display the gen-
erated blood flow information on the display device 34. For
example, a plurality of blood flow 1mages corresponding to
different BBTIs, profiles of signal intensity in myocardial
cross-sections as shown in FIG. 16, a segment 1image of a
myocardial cross-section indicating signal diflerence values
corresponding to diflerent BBTIs as shown 1n FIG. 17, and
a curve of signal difference values as shown in FIG. 18 or
FIG. 19 are displayed on the display device 34 as the blood
flow information. Additionally, the positional correction of
the blood flow 1mage data 1s performed by using at least one
of reference positions set to the border of the left and right
ventricles as shown i FIG. 21, if necessary.

Therefore, a user can easily discover a lesion area such as
an infarction area and an 1schemia area, and can understand
the range of the lesion area.

The magnetic resonance 1maging apparatus 20 configured
as mentioned above can acquire the blood flow 1information
in a myocardium part without using a contrast medium 1n a
cardiac study for an infarction part and an i1schemia part.
Specifically, the magnetic resonance 1imaging apparatus 20
performs spatial selective excitation so that signals of blood
flowing into the 1imaging region set to myocardium part 1s
distinguishable. In addition, the magnetic resonance 1mag-
ing apparatus 20 changes the time from the region selective
excitation to data acquisition. Thereby, the magnetic reso-
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nance imaging apparatus 20 generates a plurality of blood
flow 1mages indicating mutually different inflowing distance

of blood.

Moreover, the magnetic resonance 1imaging apparatus 20
calculates the blood flow information such as a profile of the
blood signal intensity and the blood signal difference values
in a myocardial cross-section based on the plurality of blood
flow 1mage data indicating mutually different traveling dis-
tance of blood, and displays the blood flow information.
Thereby, an infarction area and an 1schemia area can be
specified.

(Effect)

Theretfore, according to the magnetic resonance imaging,
apparatus 20, there 1s no necessity of using a gadolinium
contrast agent, and 1maging can be performed with high
resolution because there 1s no limit of data acquisition time.
Concretely speaking, the magnetic resonance imaging appa-
ratus 20 has several-fold in-plane resolution as compared
with scintigraphy and perfusion examination in the conven-
tional MRI. This 1s because the magnetic resonance 1maging,
apparatus 20 performs 3-dimensional imaging. Therefore,
resolution of a profile of blood signal improves and an
infarction part and an 1schemia part 1n myocardium can be
depicted with high resolution.

Additionally, the magnetic resonance 1maging apparatus
20 can depict natural flow of blood by a labeling method
such as the time-SLIP method. Therefore, a blood flow
image at an arbitrary time and a map of blood signal can be
acquired. Moreover, the magnetic resonance 1maging appa-
ratus 20 can detect a lesion area such as an infarction part
and an 1schemia part based on time variation of blood signal
and information on whether or not blood has moved on a
blood flow 1mage. In this case, the range of the lesion area
can be distinguishably displayed with at least one of chro-
matic colors.

Moreover, there 1s no need to apply stress such as medi-
cation stress and exercise stress 1n this mvention.

Additionally, micro-vascularity can be obtained by setting
BBTI of the time-SLIP method e.g. to 300 ms, 500 ms, 800
ms, and 1000 ms. Then, the micro-vascularity can be
observed by displaying profiles of blood signal or by dis-
playing blood signal difference with bulls-eye display.

Additionally, the magnetic resonance 1maging apparatus
20 can be used for screening study in comprehensive medi-
cal examination, because 1t can perform 1schemia examina-
tion 1n myocardium without using a contrast medium.

(Modaifications)

1. First Modification

In the aforementioned embodiment, an example of apply-
ing spatially selective 180° IR pulses as spatially selective
excitation pulses for distinguishing signal of blood tlowing
into the 1maging region 1s explained. However, this inven-
tion 1s not limited to such configuration. A 90° saturation
pulse can be used as the spatially selective excitation pulse.
When a 90° saturation pulse 1s applied as the spatially
selective excitation pulse, a time interval from application
timing of the 90° saturation pulse to start timing of data
acquisition 1s set to a different value from the time interval
in the case of applying the first and second spatially selective
180° IR pulse as the spatially selective excitation pulses
(refer to FIG. 4 and FIG. §5). For example, blood of unsatu-
rated state flowing from the outside of the imaging region
into the 1maging region can be selectively emphasized, when
imaging 1s performed under the following 2 conditions. That
1s (A) the imaging region should be set to the entire
myocardium and (B) the 90° saturation pulse should be
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applied to the same region as the imaging region with a
changed time iterval from the start timing of the data
acquisition.

Additionally, for example, the data acquisition may be
performed aifter applying the 90° saturation pulse as notched
pulse without applying a spatially selective 180° IR pulse.
That 1s the 90° saturation pulse 1s applied as the notched

pulse to the cardiac region exclusive of only the aorta (e.g.
the region exclusive of only the “LABELED REGION" in

FIG. 6 or FIG. 9). In this case, the signal level of the
background can be mhibited, because the longitudinal mag-
netization component Mz of blood becomes zero in the
region to which the notched pulse 1s applied. At the same
time, the blood i1n the aorta without the influence of the
notched pulse can be distinguished by performing data
acquisition at an appropriate timing. This 1s because the
longitudinal magnetization component Mz of the blood 1n
the aorta without the influence of the notched pulse 1s 1
which 1s the same as the direction of the static magnetic
field, and it intlows with high signal level into the 1imaging
region.

2. Second Modification

In the aforementioned embodiment, an example of 1mag-
ing under application of neither medicational stress nor
exercise stress 1s explaimned. However, this invention 1s not
limited to such configuration. Imaging may be performed
applying both medication stress and exercise stress. More-
over, by performing the following 2 1imaging sequences (X)
and (Y) respectively, acquired blood tflow 1mages may be
displayed 1n parallel so that blood flow 1mages acquired 1n
the 1maging sequences (X) and (Y) can be compared with
each other. In this case, both of medicational stress and
exercise stress or either of them are(is) applied in the
imaging sequence (X), whereas neither medicational stress
nor exercise stress 1s applied in the 1maging sequence (Y).
Additionally, blood flow 1mage data for diagnosis can be
generated and their images can be displayed by performing
differential processing between “the blood flow 1mage data
acquired under application of stress to an object” and “the
blood tlow 1image data acquired without applying any stress
to the object”. By performing such comparative display and
differential display, a patient 1s diagnosed more precisely.
3. Other Modification

In the aforementioned embodiment, an example of a
setting pulse sequence by using an R wave of an HOG signal
as a synchronization signal 1s explained with FIG. 4 and
FIG. 5. However, this invention 1s not limited to such
configuration. The aforementioned PPG (peripheral pulse
gating) signal or a cardiac sound synchronization signal may
be acquired so that a pulse sequence 1s appropriately set
based on the acquired signal.

Although an example of setting the imaging region to a
heart 1s explained 1n the aforementioned embodiment, the
blood flow 1mage data can be acquired by setting the
imaging region to a head or another organ except a heart,
such as a kidney and a liver.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the mventions.
Indeed, the novel methods and systems described herein
may be embodied 1n a vaniety of other forms; furthermore,
various omissions, substitutions and changes in the form of
the methods and systems described herein may be made
without departing from the spirit of the inventions. The
accompanying claims and their equivalents are intended to
cover such forms or modifications as would fall within the
scope and spirit of the inventions.
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What 1s claimed 1s:
1. A magnetic resonance 1maging (MRI) apparatus com-
prising:
an assembly of gantry components including static and
gradient magnetic field generators and at least one radio
frequency (RF) coil; and
an MRI control system, connected to control said gantry
components, including at least one RF transmitter, at
least one RF receiver and one or more computer control
circuits, the MRI control system being configured to:
acquire a plurality of MR images from an imaging region
including a coronary artery providing a myocardium
with blood without using a contrast medium, by apply-
ing a spatially selective RF excitation pulse to a region
including at least a part of an ascending aorta of a heart;
and
generate a plurality of blood flow 1mages of the heart
based on the acquired plurality of MR 1mages,
wherein the plurality of MR 1mages are acquired while
changing, for each of the plurality of MR images,
respective traveling times of the inflowing blood
between each application of the spatially selective RF
excitation pulse and each data acquisition so that a start
time of each data acquisition 1s 1n the same cardiac time
phase regardless of using the diflerent traveling times,
by changing a delay time from a synchronization signal
to the spatially selective RF excitation pulse.
2. The magnetic resonance 1maging apparatus according,
to claim 1, wherein the MRI control system 1s further
configured to apply a spatially selective RF excitation
pulse plural times, and to acquire the plurality of MR
images 1n 3-dimensional form, each corresponding to a
mutually different traveling time of the mflowing
blood, in synchronization with a heartbeat by changing
a time 1nterval from application timing of the spatially
selective RF excitation pulses to acquisition timing of
imaging data for the plurality of MR 1mages; and
generate the plurality of blood tlow images, each corre-
sponding to a mutually different traveling time, based
on the plurality of MR 1mages.
3. The magnetic resonance 1maging apparatus according,
to claam 2, wherein the MRI control system 1s further
configured to acquire imaging data for said the plurality of
MR 1mages during diastole of an imaged patient heart.
4. The magnetic resonance 1imaging apparatus according
to claim 2, wherein the MRI control system 1s further
configured to automatically set at least one delay time in
clectrocardiogram synchronization for acquisition of
plural sets of MR 1maging data to be acquired 1n an
arbitrary cardiac phase, and to acquire the plural sets of
MR imaging data by using the at least one automati-
cally set delay time.
5. The magnetic resonance 1maging apparatus according,
to claam 4, wherein the MRI control system 1s further
configured to use a specified pulse sequence for acquiring,
imaging data corresponding to traveling time of the
inflowing blood and a specified time parameter used to
determine a pulse sequence, in order to automatically
set a delay time from a reference wave of an electro-
cardiogram signal 1 a pulse sequence for acquiring
imaging data corresponding to traveling time of the
inflowing blood.
6. The magnetic resonance 1maging apparatus according
to claim 2, wherein the MRI control system 1s further
configured to apply a labeling pulse as the spatially
selective RF excitation pulse.
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7. The magnetic resonance imaging apparatus according,
to claam 2, wherein the MRI control system 1s further
configured to acquire the plurality of MR 1mages by
changing Black Blood Traveling Time of a spatially
selective 1nversion recovery pulse ol a Time Spatial
Labeling Inversion Pulse method used as the spatially
selective RF excitation pulse.
8. The magnetic resonance imaging apparatus according,
to claim 7, wherein the MRI control system 1s further
configured to set the Black Blood Traveling Time long
enough to extend over plural heartbeats during data
acquisition for at least one of the plurality of MR
1mages.
9. The magnetic resonance 1maging apparatus according,
to claam 2, wherein the MRI control system 1s further
configured to apply a saturation pulse as the spatially
selective RF excitation pulse.
10. The magnetic resonance 1maging apparatus according
to claim 2, wherein the MRI control system 1s further
configured to apply a labeling pulse as the spatially
selective RF excitation pulse to a region different from
the 1maging region, and to acquire imaging data for the
plurality of MR 1mages for distinguishably displaying
blood labeled by the labeling pulse.
11. The magnetic resonance 1imaging apparatus according
to claam 10, wherein the MRI control system 1s further
configured to apply the labeling pulse to a region 1nclud-
Ing a coronary artery.
12. The magnetic resonance 1maging apparatus according
to claim 10, wherein the MRI control system 1s further
configured to apply the labeling pulse to a region 1nclud-
ing only one of a right coronary artery, a left main
coronary trunk, a left circumftlex artery, and a left
anterior descending artery.
13. The magnetic resonance 1maging apparatus according
to claim 10, wherein the MRI control system 1s further
configured to apply the labeling pulse to a slab located
inside a ventricle.
14. The magnetic resonance 1maging apparatus according
to claam 10, wherein the MRI control system 1s further
configured to apply the labeling pulse to a region dis-
played and set on a scout image indicating a right
ventricle, a left ventricle and a left atrium.
15. The magnetic resonance 1maging apparatus according
to claim 10, wherein the MRI control system 1s further
configured to apply the labeling pulse to a region deter-
mined based on 3-dimensional vessel image data of a
coronary artery in a sagittal plane of a heart.
16. The magnetic resonance 1maging apparatus according
to claim 10, wherein the MRI control system 1s further
configured to apply a spatially non-selective inversion
recovery pulse to the imaging region.
17. The magnetic resonance 1maging apparatus according
to claam 16, wherein the MRI control system 1s further
configured to apply an 1maging region selective inversion
recovery pulse to excite the imaging region selectively
after applying the spatially non-selective inversion
recovery pulse and the labeling pulse.
18. The magnetic resonance 1maging apparatus according
to claim 16, wherein the MRI control system 1s further
configured to set an 1nversion recovery time aiter the
spatially non-selective inversion recovery pulse for
data acquisition timing for the plurality of MR 1mages
and a time interval from application of the labeling
pulse to the data acquisition for at least one of the
plurality of said MR images, changeably and indepen-
dently of each other.
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19. The magnetic resonance 1imaging apparatus according
to claam 18, wherein the MRI control system 1s further

configured to set the data acquisition timing for the

plurality of said MR 1mages to a timing when both an
absolute value of longitudinal magnetization of blood
except the mflowing blood and an absolute value of
longitudinal magnetization of the myocardium become
equal to or less than a predetermined value.

20. The magnetic resonance 1maging apparatus according,
to claim 19, wherein the MRI control system 1s further

configured to mhibit a signal from the blood except the

inflowing blood by performing image reconstruction
processing using real parts of the imaging data acquired
for said plurality of MR 1mages.

21. The magnetic resonance 1maging apparatus according,
to claam 2, wherein the MRI control system 1s further

configured to acquire the imaging data for the plurality of

MR 1mages distinguishably displaying the inflowing
blood by applying the spatially selective RF excitation
pulse to the imaging region.

22. The magnetic resonance 1maging apparatus according,
to claim 2, wherein the MRI control system 1s further

configured to acquire 1imaging data for a second plurality

of MR 1mages each corresponding to mutually different
traveling times without application of the spatially
selective RF excitation pulse, and

to generate the plurality of blood flow 1mages based on

difference data between the plurality of MR 1mages

acquired with application of the spatially selective RF

excitation pulse and the second plurality of MR 1mages

acquired without application of the spatially selective
RF excitation pulse.

23. The magnetic resonance 1maging apparatus according,
to claim 2, wherein the MRI control system 1s further

configured to apply another spatially selective RF exci-

tation pulse 1n a period between (a) the application time
of the spatially selective RE excitation pulse and (b)
acquisition time of 1maging data.

24. The magnetic resonance 1maging apparatus according,
to claam 2, wherein the MRI control system 1s further
configured to:

acquire a plurality of 2-dimensional data sets with appli-

cation of the spatially selective RF excitation pulse by
changing a delay time from (a) an application time of
the spatially selective RE excitation pulse to (b) image
data acquisition timing, and to display a plurality of
cross-sectional 1mages based on the plural 2-dimen-
sional data sets; and

select at least two of the cross-sectional 1images based on

input information, and to set the delay time correspond-
ing to the selected cross-sectional 1mages as a time
interval from the application of the spatially selective

RF excitation pulse to acquisition of the imaging data
for the plurality of MR 1mages.

25. The magnetic resonance 1maging apparatus according,
to claam 2, wherein the MRI control system 1s further

configured to acquire one or more of the imaging data for

the plural MR 1mages by applying at least one of
medicational stress and exercise stress to the imaging
region.

26. The magnetic resonance 1maging apparatus according,
to claam 2, wherein the MRI control system 1s further
configured to:

acquire 1maging data for one or more of the plurality of

MR 1mages as a first data set by applying at least one
of medicational stress and exercise stress to the 1imag-
Ing region;
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acquire 1maging data for plural second MR 1mages as a
second data set by applying neither medicational stress
nor exercise stress to the imaging region; and

generate the plurality of blood tlow images based on
differences between the first data set and the second
data set.

277. The magnetic resonance 1imaging apparatus according,

to claim 2, wherein the MRI control system 1s further
configured to acquire a magnetic resonance signal for
measuring motion quantity caused by respiration prior
to acquisition of the plurality of imaging data, and to
correct disposition of the imaging region according to
the measured motion quantity.

28. The magnetic resonance 1imaging apparatus according,
to claim 2, wherein the MRI control system 1s further
configured to:

acquire a magnetic resonance signal for measuring motion
quantity caused by respiration prior to acquisition of
respective ones of the plurality of MR 1mages; and

generate the plurality of blood flow 1images by performing
motion correction using the measured motion quantity.

29. The magnetic resonance 1imaging apparatus according,
to claim 2, wherein the MRI control system 1s further

configured to generate the plurality of blood flow 1mages
by performing correction to eliminate a signal compo-
nent corresponding to a background of an 1mage from
the 1maging data.

30. The magnetic resonance 1imaging apparatus according,
to claam 2, wherein the MRI control system 1s further

configured to control a time interval from (a) a last
reference wave of an electrocardiogram signal before
acquisition of the imaging data to (b) the acquisition of
the 1maging data by estimating a cyclic period of a
heartbeat based on the electrocardiogram signal.

31. A magnetic resonance 1maging (MRI) method com-
prising:

acquiring 3-dimensional MR imaging data sets from an
imaging region including a coronary artery providing a
myocardium with blood without using a contrast
medium, by applying a spatially selective RF excitation
pulse plural times to a region 1ncluding (a) at least a
part of an ascending aorta of a heart; and

generating a plurality of blood flow 1mages of the heart
based on the acquired MR 1maging data,

wherein the plurality of MR i1maging data sets are
acquired while changing, for each of the plurality of
MR 1maging data sets, respective traveling times of the
inflowing blood between each application of the spa-
tially selective RF excitation pulse and each data acqui-
sition so that a start time of each data acquisition 1s 1n
the same cardiac time phase regardless of using the
different traveling times, by changing a delay time from
a synchronization signal to the spatially selective RF
excitation pulse.

32. The magnetic resonance 1imaging apparatus according,
to claim 1, wherein the MRI control system 1s configured to
acquire:

the plurality of MR 1mages with application of a spatially
non-selective inversion recovery pulse and a spatially
selective 1nversion recovery pulse, and

a plurality of second images with application of a spatially
selective iversion pulse without applying a spatially
non-selective mversion recovery pulse.

33. A magnetic resonance 1imaging apparatus comprising:

an assembly of gantry components including static and
gradient magnetic field generators, and at least one
radio frequency (RF) coil; and
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an MRI control system, connected to control said gantry
components, including at least one RF transmitter, at
least one RF receiver and one or more computer control

circuits, the MRI control

system configured to:

acquire a plurality of MR 1mages from an imaging region 53
including a coronary artery providing a myocardium

with blood without using

application of a spatially
to a region including at
aorta of a heart; and

a contrast medium, including

selective RF excitation pulse
least a part of an ascending

generate a plurality of blood flow 1mages of the heart
based on the acquired plurality of MR 1mages,

wherein the plurality of M.

R 1mages are acquired while

changing, for each of t

ne plurality of MR 1mages,

10

respective traveling times of the inflowing blood 15
between each application of the spatially selective RF

excitation pulse and each

data acquisition so that a start

time of each data acquisition 1s 1n the same cardiac time

phase regardless of using

the different traveling times,

by changing a delay time from a synchronization signal 20
to the spatially selective RF excitation pulse.
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